In this paper we present a method for the fabrication of plasmonic spherical dimers and oligomers with narrow gaps and tunable distances. High-aspectratio nano-pillars are created by the two-step evaporation of gold on structured substrates. By using electron beam lithography, it is possible to control the close spacing of the pillars. Rapid thermal annealing causes the pillars to adopt a spherical shape. Since by melting the spheres gain in diameter compared to the initial nano-pillars, the distance between two adjacent spheres can be reduced to below 10 nm. Dimers with different distances were fabricated and optically characterized by single particle dark-field spectroscopy. The characteristic red-shift of the longitudinal mode due to stronger coupling for smaller distances could be clearly observed and follows a general scaling behavior.
Introduction
Plasmonic nanostructures provide the ability to generate strong electrical near-fields as well as the possibility to tune the wavelength at which the corresponding plasmon resonances appear [1, 2] . This makes them ideal for a broad range of applications: sensing [3, 4] , surface-or tip-enhanced Raman spectroscopy [5] [6] [7] [8] , second harmonic generation [9, 10] and many others. If two or more plasmonic nanostructures are placed at sufficiently small distances such that they can couple through Coulomb interactions, the plasmonic modes of the individual particles will hybridize and give rise to new modes with different properties [11] . Closely spaced plasmonic nanostructures typically offer higher field enhancements than single nanostructures [12, 13] , which makes them even better suited for the above applications.
Electron beam lithography (EBL) is typically the method of choice to fabricate plasmonic nanostructures due to its high resolution and flexibility, but the resolution of EBL is fundamentally limited because of the point spread function caused by the scattering of the electrons [14] , which makes it difficult to reproducibly fabricate structures with gap widths smaller than 10 nm. There are some possibilities to increase the resolution by reducing the scattering using very thin substrates, high acceleration voltages and special resists [15, 16] , but these are not suited for the fabrication of thick structures, and very thin substrates easily break.
Alternatively, there are some other methods for fabricating nanostructures with narrow gaps. One possibility is to use colloidal nanostructures and employ chemical binding to generate dimers with small distances [7] . Colloids can easily be produced in large numbers with typical statistical size variations of several percent, but they lack the possibility of directed lithographic positioning. It is also possible to deposit colloidal nanoparticles onto a patterned substrate [6] , which solves the problem of the placement, but tuning the distance of the particles is difficult. For this purpose, advanced techniques such as DNA origami would need to be employed [17] . Another way to generate closely spaced nanostructures is by using aligned two-step electron beam lithography [18] , which eliminates most of the aforementioned problems, but adds complexity to the process. While two-step EBL offers the advantage to fabricate strongly coupled structures made from different materials [19] , the method described here enables the fabrication of three-dimensional spheres, which is not possible with EBL.
In this paper we show a straightforward process for the fabrication of closely spaced plasmonic nanostructures that circumvents some of the above trade-offs: highaspect-ratio nano-pillars are fabricated by two-step metal evaporation on patterned substrates, and the subsequent annealing of these pillars by using a rapid thermal annealing (RTA) oven leads to spherical nanoparticles. Other ways to melt nanostructures include using a pulsed laser, as shown in [20] . Here the authors melted flat gold nanostructures, which resulted in the gold particles jumping away from the substrate due to a rapid change of the center of gravity during the melting in the direction away from the substrate. Nano-pillars however are expected to remain on the surface, as their center of gravity moves towards the substrate during melting. Another way to keep the nanostructures from leaving the substrate is to use an adhesion promoter and place them on silicon pillars with a small contact point to allow them to melt into spheres [21] . Other experiments that use pulsed laser melting also showed that it is possible to melt rod-like nanostructures into spheres [22, 23] or to change their aspect ratio and narrow their resonance [24] . Melting can likewise be achieved by using cw-laser annealing [25] . Studies in which the wetting behavior of liquid gold was simulated by using molecular dynamic simulations showed that the annealing of a flat gold film will lead to spheres if the substrate is not wetted by the gold [26, 27] .
For the analysis of closely spaced dimers a universal scaling law (also called the plasmon-ruler equation) was developed [28] , which relates the spectral shift of the dipolar gap mode to the gap width s of dimers:
where λ is the resonant wavelength, λ 0 is the single particle resonant wavelength, D is the diameter of the particles and τ is the decay constant. To prove the versatility of our approach, dimers of increasingly coupled nano-spheres with gap widths between 35 nm and 5 nm are fabricated and examined by dark-field spectroscopy. The measured spectra are analyzed using the aforementioned scaling law.
Experimental section
For the fabrication of nano-pillars, silicon substrates with native oxide were cleaned by ultrasonication in acetone and isopropanol (IPA). After drying with nitrogen they were spin-coated with three layers of the electron beam resist poly(methyl methacrylate) (PMMA). Similar to the processes described in [29, 30] , for the first two layers a low-molecular-weight PMMA (90k) was chosen, and for the top layer a high-molecular-weight PMMA (410k) was chosen. This ensures high resolution even for relatively thick resist layers. Using two layers of the low-molecularweight PMMA is necessary to reach a total height of the resist of about 400 nm. The samples were then exposed to EBL at 30 keV using an FEI XL30 (Field Electron and Ion Company, Hillsboro, OR, USA) scanning electron microscope (SEM) with a pattern generator (XPG 2, XENOS Semiconductor Technologies GmbH, Kusterdingen, Germany) and developed in IPA/water (3:7) at 4°C. After development the samples were metallized with 90 nm gold by thermal evaporation. During the evaporation gold is also deposited on the rims of the holes, which causes the holes to slowly close up. This results in truncated conical structures forming inside the holes [31, 32] . To improve the aspect ratio the holes were reopened by using argon ion milling (Roth and Rau Unilab P, Hohenstein-Ernstthal, Germany) at an angle of 25°, such that only the gold layers on top, but not the cones inside the holes, were milled. After reopening, the mask was metallized again with 90 nm of gold. After a lift-off in acetone, high-aspect-ratio gold pillars with slanted side walls remain on the surface. A sketch of the whole fabrication process is depicted in Figure 1 . By using this process, nano-pillars with aspect ratios (height:base diameter) of up to 2.5 were realized, as can be seen in Figure 2A .
To reduce the distance between adjacent nanostructures, the pillars were annealed in an RTA oven by ramping the temperature as fast as possible to 1170°C, which is above the melting point of gold of 1064°C [33] . Due to the surface tension the liquid gold forms spheres. An example of the resulting spherical dimers is shown in Figure 2B . It is very important to keep the time in which the gold is liquid as short as possible, because otherwise the gold will sink into the native silicon oxide [34] and form a eutectic with the silicon [35] . The temperature profile of the annealing process is shown in the Supporting Information Figure S1 . The fabricated spheres have smooth surfaces but show some facets that are probably formed during the recrystallization of the gold during the RTA process. To mitigate the faceting, one could use laserinduced melting, which shows very smooth surfaces [36, 37] that are comparable to those of chemically prepared and smoothed gold colloids [38] .
The optical characterization was carried out by using single particle dark-field spectroscopy (see Supporting Information Figure S2 ). For this purpose the sample was placed onto a piezo stage (P-545.xR7, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany). The spectra were taken using custom-built software which combines the control of the piezo stage and the spectrometer (Shamrock SR-303i with iDus DU416A-LDC-DD Detector, Andor Technology Ltd., Belfast, UK). The software allows single nanostructures to be positioned in the x, y and z directions such that the maximum signal is obtained at the spectrometer. This is realized by taking spectra along a line across the particle, while integrating the spectra over the whole wavelength range for each point. These data effectively represent the point spread function of the objective, and a Gaussian can be fitted to find the position of the maximum intensity. By iterating this procedure for the x, y and z directions, the position for the maximum intensity is obtained. This procedure greatly enhances the reproducibility and consistence of the measurements and reduces for example errors introduced by chromatic aberration of the tube lens. For all spectra the incident light was transverse electric (TE) polarized along the long axis of the dimers, that is, the axis connecting the centers of the two spheres. An objective with 50 × magnification (BD Plan APO SL 50x, Mitutoyo Corporation, Kanagawa, Japan) was used for imaging and spectroscopy.
The gap widths of the dimers were evaluated using SEM images of the individual dimers. A threshold was applied to the images, and the contours of the spheres that make up a dimer were extracted. Then the shortest distance between the two contours was calculated. The error of the measured gap width was estimated to three times the pixel size in both directions (±2.5 nm), which is about the resolution limit of the SEM that was used. To demonstrate the flexibility of this method, also hexamers and trimers of gold nano-spheres were fabricated, as can be seen in Figure 3 .
Simulations
Simulations were carried out using the MNPBEM Matlab package [39, 40] . The simulated structure consists of two gold spheres on a silicon substrate with 1 nm of silicon oxide. This structure was excited by a TE-polarized plane wave at an angle of 45° with the polarization along the long dimer axis. For a dimer with a gap width of 2 nm, two pronounced modes at 571 nm and 682 nm and a small peak at 516 nm can be seen in the simulated scattered intensity, as shown in Figure 4 . From the same simulation, the maximum of the absolute local surface charge density of the gold surface |σ 2 | max was calculated for each wavelength. The resulting spectrum is shown in Figure 5 . While σ 2 does not directly correspond to a physical quantity, it is closely related to the near-field [41] and can be seen as equivalent for this case. Just as the scattered intensity, the maximum surface charge also shows the three corresponding resonances. The resonances in the near-field are shifted to longer wavelengths by some nanometers compared to the far-field, as expected [42] . To assign the peaks to their respective plasmonic modes, the three-dimensional surface charge density distribution of the gold surface σ 2 was plotted for the three peaks observed in the maximum surface charge spectrum. The two longer wavelength modes can be attributed to the modes described by Huang et al. [43] as mirror-induced bonding dipole plasmon (MBDP) modes. These modes emerge because of the interaction of the hybridized bonding dipole modes with the mirror charges in the substrate. In Figure 6A , the MBDP mode I at 692 nm can be seen. Figure  6B shows the MBDP mode II at 576 nm. The last one, mode III at 526 nm, is shown in Figure 6C . The surface charge densities display the dipolar characteristics of modes I and II, which are influenced by the interaction with the substrate [43] . Mode III shows a more complex surface charge distribution where charges are strongly localized near the gap, as can be seen when comparing the insets in Figure 6A and C. This suggests that mode III is a higher order mode. In this paper we will focus on MBDP mode I, which will be called bonding dipolar mode from now on. As will be shown in the following section, the experimental spectra for small gap widths also exhibit three modes near the simulated positions, albeit with different relative intensities. The simulated scattering spectra of dimers with other gap widths and some further discussion can be found in the Supporting Information Figure S5 .
Results and discussion
Arrays of 5 × 5 nano-pillar dimers were fabricated using the methods shown above. The individual dimers were placed at a distance of 5 μm to make single particle darkfield spectroscopy feasible. The pillars were annealed, and SEM images of the resulting spherical dimers were taken. The diameter of the spheres was found to be about 90 nm. Ideally, the radius of a sphere r after melting can be calculated by relating the volume of the pillar With this we can calculate the gain in radius Δr = r -r p that we would expect for a pillar with a height of 200 nm. This is shown in Figure 7 , in which Δr is plotted for different r p and 1 2 = , ,1 .
(the pillars have a near-conical shape) we would expect a gain in radius of 6 nm, which is in accordance with the results shown in Figure 2 . By tuning the pillars to a more cylindrical shape, or starting from lower pillar radii for conical pillars, a higher gain in radius can be expected.
As shown before, the radius of the spheres depends on three parameters, the height of the pillars h, their radius r p and the form factor α. α is mostly defined by the evaporation rate that determines the ratio between the gold layer deposition and the lateral closing of the nanoholes. During the fabrication, all parameters may have an inherent error of a few nanometers. The error of the gap width can be attributed to two main sources: the error of the radii of the pillars and the error in the positioning of the pillars, which mostly depend on the precision of the EBL system. The nanoscale variations in the radii and positions of the pillars in the present work resulted in gap widths of the spheres within one array between 0 nm (pillars merged during annealing) and 35 nm. The variability may be further reduced by moving to a more stabilized EBL system. However, even assuming a perfect shape, height and position control and a variation of ±1 nm of r p in the EBL, the gap widths would still vary by few nanometers. The dark-field spectra of all spherical dimers were recorded. The incident light was TE-polarized along the long dimer axis. Structures were rejected either when the spheres of a dimer were much smaller than average or when the two spheres had visibly different volumes, forming asymmetric dimers. Also, for some structures only one larger single sphere remained after annealing, which suggests that the distance between the pillars was too small, causing them to merge during the melting. An overview over dimers that were measured vs. dimers that were rejected can be found in the Supporting Information Figure S3 . The spectra of the individual dimers sorted by gap width are summarized in Figure 8 . They show up to three distinct peaks: two peaks at shorter wavelengths that hardly shift with decreasing gap widths (at 510 nm and 575 nm) and one at larger wavelengths that becomes increasingly prominent and shifts from 615 nm to 680 nm while the gap width decreases from 35 nm to 4 nm. This behavior is expected for the bonding dipolar mode in coupled systems, and has been shown with other methods and structures [44] [45] [46] [47] [48] [49] . An analogous evaluation of the simulated spectra can be found in the Supporting Information Figure S6 .
To obtain the resonant wavelength of the bonding dipolar mode, a sum of four Lorentzian functions was fitted to the spectra, one Lorentzian for each mode and one for the steep slope starting at around 450 nm, which is likely due to the interband transitions of the gold. An exemplary fit for the spectra of the dimer with the biggest gap width (35.3 nm) can be found in the Supporting Information Figure S4 . The resonant wavelengths of the bonding dipolar mode I, marked by crosses in Figure 8 , can now be related to the relative gap widths d = s/D, with D ≈ 90 nm. This dependence is depicted in Figure 9 . The red-shift of the bonding dipolar mode can clearly be seen. The horizontal error bars were estimated by assuming an error of measurement of three pixels (2. to the data, we find a decay constant τ ≈ 0.19 ± 0.08, which is in good agreement with results shown in the literature [28, 50] .
Conclusions
We demonstrated that the fabrication of high-aspectratio gold nano-pillars by using a two-step metallization The peak wavelengths were taken from the dark-field spectra of the individual dimers and show a strong red-shift for decreasing gaps. The dashed line indicates an exponential fit to the data, in agreement with the universal scaling law [28] .
process and their subsequent rapid thermal annealing provides a simple route to generate nano-sphere dimers coupled across gaps with widths down to less than 10 nm. This method has some advantages over competing techniques: it is less complex than aligned two-step electron beam lithography and yields defined spheres, while enabling relatively precise positioning of the structures. Dimers of pillars with a larger spacing, which is more easily controlled, are re-shaped into dimers of spheres with a corresponding reduction of the gap size. Not only dimers but also different geometries such as closely spaced oligomers (e.g. trimers or hexamers) can flexibly be fabricated by using this method. By evaluating dimers with different gap widths we could measure the characteristic red-shift of the bonding dipolar mode for decreasing gap widths and confirm that the trend for these structures is described well by the universal scaling law [28] for a decay constant of 0.19.
The method of fabrication shown here adds a versatile tool to the toolbox of plasmonics and can be used to deepen the understanding of the coupling of plasmonic nanostructures and develop new structures with high near-fields, while avoiding many of the trade-offs inherent to other methods.
